Traditional screening using chemicals or flow cytometry (FCM) alone is not sufficient to isolate the high glutathione (GSH)-producing yeast strains used in food production. Therefore, to improve screening efficiency, we investigated a combination of both methods. A mutated Saccharomyces cerevisiae strain was labeled with 5-chloromethylfluorescein diacetate and sorted by FCM according to emitted fluorescence intensity. Moderate GSH (1%-2%)-producing mutants were isolated, whereas high GSH (>2%)-producing mutants were not. Traditional screening using cerulenin resulted in similar findings, but a combination of both methods resulted in a 40% increase in the screening yield of high GSHproducing mutants. An analysis of model strains indicated that the ratio of high GSH-producing cells in a sample affected the FCM results. By combining FCM with traditional screening using chemicals, we succeeded in isolating high GSH-producing mutants from several parental strains.
Traditional screening using chemicals or flow cytometry (FCM) alone is not sufficient to isolate the high glutathione (GSH)-producing yeast strains used in food production. Therefore, to improve screening efficiency, we investigated a combination of both methods. A mutated Saccharomyces cerevisiae strain was labeled with 5-chloromethylfluorescein diacetate and sorted by FCM according to emitted fluorescence intensity. Moderate GSH (1%-2%)-producing mutants were isolated, whereas high GSH (>2%)-producing mutants were not. Traditional screening using cerulenin resulted in similar findings, but a combination of both methods resulted in a 40% increase in the screening yield of high GSHproducing mutants. An analysis of model strains indicated that the ratio of high GSH-producing cells in a sample affected the FCM results. By combining FCM with traditional screening using chemicals, we succeeded in isolating high GSH-producing mutants from several parental strains.
Key words: efficient screening method; 5-chloromethylfluorescein diacetate (CMFDA); glutathione (GSH)-producing yeast Substances with a kokumi taste, 1) a taste distinct from the five basic tastes, have been used in Japanese cuisine for several years. Glutathione (-glutamyl-L-cysteinylglycine, GSH) is a substance that is tasteless or has only weak taste that can provide a kokumi taste to any food in which it is present, 1) such as some commercially available yeast extracts. 2) Yeasts are commonly used in the production of GSH.
3) A yeast strain that produces more GSH than those currently used in food applications (yeast extracts) is required, since the basic taste profiles of specific strains are reinforced synergistically by GSH. 4) Since a variety of yeast strains suitable for each cuisine are actually used in food applications, each strain needs to be modified to produce more GSH, and thus screening efficiency is important to isolate high GSHproducing strains for use in these applications.
The GSH-biosynthetic pathway involving -glutamylcystein synthetase (EC 6.3.2.3) encoded by GSH1 is well characterized in Saccharomyces cerevisiae, 5, 6) and therefore genetic modification of this pathway is an effective method of breeding high GSH-producing strains. A new method that involves repeated promoter replacement in S. cerevisiae was developed recently. 7) Theoretically, it enables multiple genes in the GSHbiosynthetic pathway to be fine-tuned with one promoter. Since this technique uses genetic engineering, administrative permission is required before it can be used in food applications. An alternative approach is to breed high GSH-producing strains by mutagenesis. Many chemicals, including GSH analogs such as methionine and ethionine, 1,2,4-triazole, sodium cyanide, and sulfite, have been used to isolate high GSH-producing strains, 3) but in some cases several thousand mutants are needed to obtain a target strain by this traditional method. This is an unrealistic approach, and the methods used to isolate several mutant strains from various parent strains with different taste profiles that are unique and suitable for each cuisine are therefore limited.
Flow cytometry (FCM) is used to isolate specific cells from a large cell population. Cells are suspended in a stream of fluid and analyzed using specified sorting criteria. A recent report by Wang et al. 8) noted that the G-143 mutant, with an increased GSH content, was obtained from the S. cerevisiae G-14 strain using FCM, but that study focused on the process of cultivating the strain and not on FCM efficiency, and hence the efficiency and effects of the technique are not known in detail.
In this study, we investigated efficient, effective screening methods of isolating high GSH-producing strains that can be used in food applications. First, we ascertained the efficiency of FCM using proportion ratio experiments in which different proportions of two strains with known GSH contents were mixed and analyzed by FCM. Then we succeeded in isolating high GSH-producing strains by a combination of FCM and traditional screening using chemicals.
Materials and Methods
Reagents and general methods. Yeast extract/peptone/dextrose (YPD) medium and synthetic dextrose (SD) minimal medium were used in the cultivation of the yeast. 9) A yeast nitrogen base without amino acids was used to prepare SD minimal medium (Nippon Becton Dickinson, Tokyo). SD minimal medium containing uracil (50 mg/mL) was used in genetic manipulation in the yeast. S. cerevisiae was transformed using a Frozen-EZ Yeast Transformation II Kit (Zymo Research, Irvine, CA), and the High Fidelity PCR enzyme mix (FermentasÔ, Cosmo Bio, Tokyo) was used for polymerase chain reaction (PCR).
y To whom correspondence should be addressed. Fax: +81-44-210-5918; E-mail: hiroaki nishiuchi@ajinomoto.com Abbreviations: Cer, cerulenin; CMFDA, 5-chloromethylfluorescein diacetate; EMS, ethyl methanesulfonate; FCM, flow cytometry; FI, fluorescence intensity; GSH, glutathione; MG, methylglyoxal; PCR, polymerase chain reaction; SD, synthetic dextrose; YPD, yeast extract/peptone/ dextrose Strains. S. cerevisiae S288C (MAT SUC2 mal mel gal2 CUP1 flo1 flo8-1 hap1), registered as NBRC1136, was obtained from the NITE Biological Resource Center (Chiba, Japan). Wild-type S. cerevisiae strain AJ14752 and wild-type Candida utilis strains AJ14898 and AJ14900 were obtained from the Ajinomoto Yeast Strain Collection. Two different mating-type haploid strains, the A1 strain () and the B1 strain (a), were isolated using a micromanipulator from spores of strain AJ14752, following sporulation on a specific medium.
9) URA3-deleted strain S288C ura3Á0 was constructed from strain S288C by reference to a previous report. 7) First, the URA3 upstream and downstream regions were amplified using URA3-upl/URA3-upr and URA3-dnl/ URA3-dnr primers 7) respectively. Then they were fused by overlap extension PCR. [10] [11] [12] The resulting DNA fragment was used for the transformation of strain S288C. After transformation, cells were grown overnight in uracil-containing SD liquid medium and then spread on SD plates containing 5-fluoroorotic acid (1 mg/mL) and uracil. Deletion of URA3 was verified by PCR and phenotypic analysis.
Mutagenesis. A 1-mL aliquot of an overnight culture of each of the various strains was inoculated in 9 mL of YPD medium and cultivated for 2-4 h. The cells were collected by centrifugation, washed 3 times with 10 mL of 0.2 M sodium phosphate buffer (pH 7.5) and then suspended in 10 mL of buffer containing 2% ethyl methanesulfonate (EMS) and 5% glucose. The cultures were shaken at 30 C for previously determined times to achieve a survival rate of approximately 10%. A 10-mL aliquot of filter-sterilized 10% sodium thiosulfate was added to neutralize the EMS, and the cells washed 3 times with 10 mL of the same buffer, followed by suspension in 1 mL of it.
Measurement of cellular GSH content. The yeast strains were inoculated in 50 mL of YPD medium in a 500-mL Sakaguchi flask and cultivated at 30 C with shaking. The cells were harvested during the log phase by centrifugation of a 1-mL aliquot at 6;400 Â g for 10 min, washed 3 times with distilled water, and then resuspended in distilled water to adjust the concentration to 1 Â 10 8 {1 Â 10 10 cells/mL. GSH was extracted from the cells by heating the cell solution to 70 C for 10 min. The extract was isolated from the cell debris by centrifugation, and the GSH content was determined by high-pressure liquid chromatography with fluorometric detection.
13) A 1-mL aliquot was removed to measure GSH levels, and then the remaining culture was used to measure cell concentrations, estimated as dry cell weight of the biomass obtained (washed cells dried at 105 C for 4 h). The cellular GSH content was calculated as w/w% using these two values, and was expressed as the mean AE SD for three independent experiments.
Labeling of cellular GSH with 5-chloromethylfluorescein diacetate (CMFDA). The yeast strains were inoculated in 50 mL of YPD medium in a 500-mL Sakaguchi flask and cultivated at 30 C with shaking. During the log phase, the required amount of yeast cells was taken from the flask and labeled with 2 mM of CMFDA (CellTrackerÔ Green CMFDA, Life Technologies Japan, Tokyo) following the manufacturer's instructions.
FCM.
A Beckman Coulter EPICS Altra with Expo32 MultiComp v1.2B software (Beckman Coulter, Brea, CA) with a sapphire 488-nm excitation laser (power output 25 mW) was used for FCM and sorting of the yeast cells. The cells were washed twice with 10 mM potassium phosphate buffer (pH 6.8) and filtered through a 40-mm mesh assembled in a 5-mL polystyrene tube (Cell-Strainer Cap, Nippon Becton Dickinson). The filtered cells were diluted with the same buffer to adjust the cell density to 1 Â 10 6 cells/mL. Forward-and sidescatter signals and emitted fluorescence intensity (FI) were measured simultaneously. FI was detected using a 525-nm band path filter. The cells were sorted following the manufacturer's instructions. Briefly, the sorting regions were set as follows: First, the FI pattern of the control strains was measured to determine the target region for sorting. The region was then set to isolate strains with a higher FI than the control strains, as indicated by the arrows in the histograms. The sorted cells were then collected in tubes containing YPD liquid medium and spread on YPD plates, yielding approximately 100 colonies on each plate.
Evaluation of screening efficiency. Screening efficiency was evaluated by the rate of appearance of GSH-producing mutants.
Briefly, for traditional screening using chemicals, mutants derived from parental strains by the use of EMS were spread on YPD plates containing 10 mM of cerulenin (Cer) or 10 mM of methylglyoxal (MG). Twenty mutants were then selected randomly from the colonies obtained, and cultivated in YPD medium. The mutants were categorized according to their cellular GSH content into the following three groups: cellular GSH contents <1% (in this group cellular GSH content did not increase), cellular GSH content between 1%-2% (in this group cellular GSH content increased moderately), and cellular GSH content >2% (in this group cellular GSH content increased considerably). Data were expressed as yield in order to compare mutants that contained the above categories of cellular GSH content. The yield was calculated by dividing the number of colonies categorized by the number of colonies evaluated. The mutants obtained by FCM or a combination of traditional screening using chemicals and FCM were evaluated in the same manner to calculate the yields for both methods.
Results

Construction of model strains to analyze the efficiency of FCM
We constructed GSH1-overexpressing strain HN001 as a haploid model strain containing higher cellular GSH. First, a native promoter of GSH1 in strain S288C ura3Á0 was replaced with an ADH1 promoter, as described previously.
7) The strain obtained became auxotrophic for uracil again after promoter replacement due to deletion of the URA3 gene. In order to repair this deletion, a URA3 gene fragment amplified by PCR using URA3-upl and URA3-dnr primers was transformed into the promoter-replaced strain. After transformation, the cells were grown overnight in uracil-containing SD liquid medium and then on SD plates. As shown in Table 1 , the cellular GSH content in GSH1-overexpressing strain HN001 () was 2-to 3-fold higher than in control strain S288C ().
In order to determine the efficiency of FCM, it was necessary to evaluate the cells obtained by the method. Precise evaluation depends on the number of cells, analyzed, and hence we attempted to construct model strains that were easily distinguishable. Strains harboring a mutant met30 gene such as the met30-1 or the met30-2 allele have been reported to show selenate sensitivity and to reverse repression of MET25 gene expression.
14) The MET30 gene has also been reported to target MET4 for degradation through the SCFMET30 complex. 15) This MET4 has been reported to be related to GSH synthesis. 16, 17) Therefore met30 mutants, where MET4 may not be targeted for degradation, were expected to contain higher cellular GSH, and were expected to exit with selenate-sensitive mutants. Hence we attempted to construct diploid strains HN002 that harbored the wild-type MET30 gene and HN003 that 18) with and without 5 mM selenate and 1 mM L-methionine. The mutants that grew on the plates without selenate, but not on those with selenate, were selected. Of these, a mutant () harboring a met30 mutation (Ser569Phe) was selected by sequencing the coding region of MET30. This strain was named C1. The mutation in the C1 strain was confirmed to reverse repression of MET25 by tetrad analysis and quantitative PCR of MET25 (data not shown). The C1 strain () was crossed with the B1 strain (a) to obtain a diploid strain, and the resulting diploid sporulated to yield an opposite mating-type met30 mutant (a). This mutant (a) was named D1, and was re-crossed with C1 strain (), resulting in a selenatesensitive diploid strain, HN003, that harbored the met30/met30 gene. The A1 strain () was then crossed with the B1 strain (a) to obtain a selenate-resistant diploid strain, HN002, which was used as control. As shown in Table 1 , the cellular GSH content of diploid strain HN003, which harbored a met30 mutation, was 2 times greater than that of the control diploid strain HN002.
Relationship between FI and cellular GSH contents in the constructed model strains GSH in the cells was labeled with CMFDA, and each cell was analyzed by FCM. As shown in Fig. 1 , the observed maximum FI of strain HN001 (Fig. 1B) was stronger than that of strain S288C (Fig. 1A) , and corresponded to the difference in cellular GSH content of the strains. Figure 2A shows the relationship of FI to cellular GSH content in a distinct manner, since strains HN002 and HN003 were cultivated together and showed two different count peaks. The left count peak is that of strain HN002 and the right one is that of strain HN003, which corresponds to the difference in cellular GSH content of the two strains.
The essential factor for efficient sorting of high GSHproducing strains
After we confirmed the relationship between FI and cellular GSH content, we evaluated whether the target strains could be sorted efficiently using FI as the index. Overnight cultures of strain S288C () and GSH1-overexpressing strain HN001 () were mixed in equal amounts, calculated by the optical density at 660 nm, and then inoculated in YPD medium and cultivated. Cells were analyzed by FCM, and those in the region with stronger fluorescence (more fluorescent than the observed strongest fluorescence of strain S288C in Fig. 1A ) were sorted. Five randomly selected strains were investigated to determine the GSH1 promoter sequence. All strains were obtained from the HN001 culture.
Diploid strains HN002 and HN003 were used in a detailed investigation of sorting efficiency, since strain HN003 harbored a met30 mutation and hence had an easily distinguishable phenotype of selenate sensitivity. When they were inoculated together in different proportions in YPD medium, the resulting FI pattern differed (Fig. 2) . When these two strains were inoculated in equal proportions, FI of strain HN003 was strong ( Fig. 2A) . However, as the proportion of strain HN003 that produced more cellular GSH decreased, the strong FI also decreased. Fluorescence was not observed in the sorting region when the mixing ratio of strain HN003 to HN002 was less than 1 Â 10 À4 from a total count of 10,000 (Fig. 2B) . Since no peak FI was observed for these 10,000 cells, more cells were analyzed by FCM. Those that appeared in the peak region were sorted and spread over the YPD plates. A total of 100 cells that appeared on the plates were selected randomly, and their selenate sensitivity was evaluated. As shown in Table 2 , strain HN003 was sorted efficiently by FCM when the mixing ratio of strain HN003 was >2 Â 10 À5 . However, when the mixing ratio was 1 Â 10 À6 , strain HN003 was not observed even though FCM was performed continuously for approximately 2 h under these conditions.
Evaluation of a combination of FCM and traditional screening using chemicals
After we confirmed the screening efficiency with the model strains, we evaluated actual screening efficiency.
First, mutants derived from S. cerevisiae strain AJ14752 treated with EMS were analyzed by FCM to screen for high GSH-producing strains. As shown in Table 3 , the yields obtained for moderate and high GSH-producing mutants were 5% and 0% respectively. The highest GSH-producing mutant obtained by this method contained approximately 1:39 AE 0:07% cellular GSH, a content higher than that of its parental strain, AJ14752, which contained approximately 0:80 AE 0:06% cellular GSH.
A B The mutants were then analyzed by traditional screening using chemicals. Cer resistance has been reported to activate YAP1, 19) a transcriptional factor for GSH1, 20) while MG resistance has been reported to be associated with GSH. 21) These two chemicals were used to evaluate the efficiency of traditional screening using chemicals. As shown in Table 3 , the yields obtained for moderate and high GSH-producing mutants from Cer resistance were 5% and 0% respectively. The highest GSH-producing mutant obtained by this method contained approximately 1:51 AE 0:10% cellular GSH. No strain with increased cellular GSH was obtained from MG resistance.
Finally, a combination of traditional screening using chemicals and FCM was evaluated. After wild-type S. cerevisiae strain AJ14752 was mutated by EMS, the mutants were inoculated in YPD liquid medium containing Cer or MG and shaken for 24 h at 30 C to increase the proportion of Cer-or MG-resistant mutants. The concentrated mutants were then analyzed by FCM, and cells that appeared in the sorting region were sorted using FI as index. As shown in Table 3 , the yields obtained for moderate and high GSH-producing mutants obtained from Cer resistance were 50% and 40% respectively, while those for high GSH-producing mutants obtained from MG resistance were 65% and 15% respectively. The highest GSH-producing mutant obtained by this method using a combination of FCM and traditional screening using Cer contained approximately 2:70 AE 0:08% cellular GSH.
Extending the combined method of screening to another yeast, C. utilis Next the combined method was evaluated in C. utilis, since this yeast is also often used in food production. In order to screen for high GSH-producing strains, FCM was applied to the mutants derived from EMS treatment of wild-type C. utilis strains AJ14898 and AJ14900, which contained about 0:57 AE 0:08% and 0:60 AE 0:07% cellular GSH respectively. As shown in Table 4 , no strains containing more than 1% cellular GSH were obtained during these experiments. The combination of FCM and traditional screening using chemicals was then evaluated. When the same experiments were performed with C. utilis strains AJ14898 and AJ14900, screening with a combination of Cer or MG and FCM was more efficient than when FCM was performed alone ( Table 4 ). The highest GSH-producing mutants obtained by this method for the strains AJ14898 and AJ14900 A B (1)'' in the figure indicates the peak population of the strain HN002 and ''(2)'' indicates the peak population of strain HN003. The difference in peak population between (1) and (2) reflects the difference in the growth speeds of two strains. HN003 grew more slowly than HN002. B, Histogram of cellular GSH content of analyzed cells when the HN003:HN002 inoculation ratio was 1 Â 10 À4 . ''(1)'' in the figure indicates the peak population of the HN002 strain. The peak population of the HN003 could not be observed visually. The arrow in (B) indicates the target region, where more fluorescent strains were sorted. Cells were sorted until total counts in this region reached 10,000 or the time limit was reached. 
Discussion
FCM analysis is sufficiently rapid to evaluate more than 1,000 cells per second even using standard instruments. Recently, Wang et al. 8) reported that a G-143 mutant with increased GSH content was obtained from the S. cerevisiae G-14 strain by FCM. Hence, it appears that any cell can be sorted by FCM. However, their study focused on the process of cultivating the obtained mutant and not on screening efficiency. Hence we conducted a detailed analysis of FCM. Our experiments with haploid strains S288C and HN001 demonstrated a relationship between FI and cellular GSH content and showed the effectiveness of FI as an index for sorting. However, our experiments with diploid strains HN002 and HN003 demonstrated a limitation of FCM, since it could efficiently isolate a target mutant from a large population only if the ratio of the target cell in the population was >2 Â 10 À5 . This threshold value was determined in our experiments, and it is important to note that the value is different depending on the experimental conditions. However, under any conditions, FCM surely has its own defined limiting value. For FCM, cellular GSH must be labeled with fluorescent molecules, but this fluorescent profile declines gradually, and hence the FI of the cells, an index for sorting, declines the longer FCM analysis is continued.
Considering this limitation of FCM, we pursued an efficient and effective screening method of isolating high GSH-producing strains for food applications. We hypothesized that a combination of FCM and traditional screening using chemicals is suitable for this purpose, and hence evaluated its screening efficiency. Wild-type diploid S. cerevisiae strain AJ14752 was used in this analysis, since S. cerevisiae is used in many types of food production. The data summarized in Table 3 support our hypothesis, indicating that the combination of the two methods was very effective for isolating higher GSH-producing strains. After we determined the limits of FCM, we were able to better understand these results. EMS treatment introduces random mutations in the chromosome, and thus it is dependent totally on chance whether a mutation is introduced in the GSH pathway. Thus the essential factor in FCM, the ratio of the desired mutant in the sample, is totally dependent on chance, while traditional screening using chemicals has the ability to enhance the population of strains with mutations in the GSH pathway. However, the colonies obtained must be evaluated one by one. This is a very labor-intensive procedure. Moreover, the strains used in industrial applications are derived mainly from wildtype strains, and the chemicals reported here may not be effective for such strains. Thus the effectiveness of the methods must be evaluated in many mutants, and in the worst case scenario, possibly tens of thousands to millions of mutants must be examined before tailored selection is possible. Our combined method incorporates the merits of the two techniques. Treatment with chemicals can increase the ratio of target cells, while FCM can lower the labor costs of the procedure. Therefore, the combined method demonstrated efficient and effective screening of high GSH-producing mutants.
In food production, many yeast strains belonging to different species are used. For example, yeast extract production requires strains belonging to S. cerevisiae or C. utilis, bread production requires yeast strains belonging to S. cerevisiae, while soy sauce production requires ones belonging to Zygosaccharomyces rouxii or Candida versatilis. In this study, we demonstrated the effects of the combination method in several aspects. For example, strains S288C and HN001 are haploid, and the strains HN002, HN003, and AJ14752 are diploid. Although the polyploidity of strains AJ14898 and AJ14900 belonging to the C. utilis was not investigated, these strains was assumed to be polyploid. This assumption is based on recent evidence from two experiments on DNA content and gene disruption in C. utilis, which showed polyploidity from three to five DNA content. 22) In addition, HN001 had enhanced GSH1 expression, while HN003 had a met30 mutation in the GSH pathway. Cer and MG resistance was evaluated in the GSH pathway. Thus, the method is applicable to a variety of yeasts used in food production.
In conclusion, we confirmed that a combination of FCM and traditional screening using chemicals is efficient for isolating high GSH-producing yeast strains. This method bred several yeast strains that produced more GSH than the strains currently used in food production. As expected, we succeeded in isolating high GSH-producing yeast strains from several parental strains. In the near future, it may be possible for daily life to be filled with delicious cuisine rich in a kokumi taste imparted by GSH. 
